Inorganic-biological hybrid systems have potential to be sustainable, efficient, and versatile chemical synthesis platforms by integrating the light-harvesting properties of semiconductors with the synthetic potential of biological cells. We have developed a modular bioinorganic hybrid platform that consists of highly efficient light-harvesting indium phosphide nanoparticles and genetically engineered Saccharomyces cerevisiae, a workhorse microorganism in biomanufacturing. The yeast harvests photogenerated electrons from the illuminated nanoparticles and uses them for the cytosolic regeneration of redox cofactors. This process enables the decoupling of biosynthesis and cofactor regeneration, facilitating a carbonand energy-efficient production of the metabolite shikimic acid, a common precursor for several drugs and fine chemicals. Our work provides a platform for the rational design of biohybrids for efficient biomanufacturing processes with higher complexity and functionality.
I
norganic-biological hybrid systems combine the light-harvesting efficiency of inorganic systems with established biosynthetic pathways in live cells, thus promising a sustainable and efficient biochemical synthesis platform (1, 2) . Comprehensive solar-to-chemical production has been investigated with bioinorganic hybrid systems, including semiconductor-conjugated hydrogenases for biohydrogen production (3) (4) (5) , long-wavelength-absorbing nanomaterials integrated into plants for enhanced photosynthetic efficiency (6) , and photoelectrodes coupled with whole cells for hydrogenation reactions (7) as well as atmospheric CO 2 and N 2 fixation (8) (9) (10) (11) .
Microorganisms are used in biomanufacturing because of their rapid proliferation and ability to convert renewable carbon sources into highervalue chemicals through genetically programmable multistep catalysis (12) . In the context of inorganic-biological hybrids, autotrophic bacteria have been investigated intensively, with a focus on simple organic molecules (7) (8) (9) (10) (11) (12) (13) (14) . Interfacing heterotrophic organisms with light-harvesting inorganics may provide advantages, such as increased efficiency in the production of high-value chemicals (15) (16) (17) . Common heterotrophs (e.g., Saccharomyces cerevisiae) are already used widely in industrial settings because of the large catalog of target metabolites accessible through genetic manipulation tools (18) . The well-studied biology of canonical model organisms may provide access to better genetic and analytical tools to unravel the mechanisms governing electron transport and metabolic flux in biohybrid systems (19) .
Of particular interest is the regeneration of the redox cofactor NADPH (reduced form of nicotinamide adenine dinucleotide phosphate), owing to its central role as a cosubstrate in biosynthetic pathways (20) . This process is strongly intertwined with biomass production and is a common bottleneck in the production of metabolites through microbial cell factories (21) . The primary source of NADPH in yeasts is the pentose phosphate pathway (PPP), which oxidizes a hexose sugar with concomitant loss of two equivalents of CO 2 , decreasing theoretical carbon yields (22) . Therefore, decoupling NADPH generation from central carbon metabolism may help maximize carbon flux for the production of desired metabolites (20) .
We developed a S. cerevisiae-indium phosphide (InP) hybrid system, which combines rationally designed metabolic pathways and the electron donation capabilities of illuminated semiconductors ( Fig. 1 and fig. S1 ). InP was selected as a photosensitizer in this biohybrid system because its direct bandgap (E g = 1.34 eV) enables efficient absorption of a large fraction of the solar spectrum and is positioned appropriately to accept electrons from various species in the culture medium ( fig. S2) (23) . Additionally, its stability to oxygen and biocompatibility suggest that InP is an ideal material for biological integration (24) . InP nanoparticles were prepared independently ( fig. S3 ) and subsequently assembled on genetically engineered yeast cells by means of a biocompatible, polyphenol-based assembly method (25) (Fig. 1A and fig. S1 ). Yeast strain S. cerevisiae Dzwf1 was selected for the engineering of the biohybrid system. The deletion of the gene ZWF1, encoding the glucose-6-phosphate dehydrogenase enzyme, disrupts the oxidative portion of the PPP (22) , causing a marked decrease in cytosolic NADPH generation capacity (Fig. 1B) . We examined the integrated function of the biohybrid system to regenerate NADPH, which is essential for the biosynthesis of shikimic acid (SA), a precursor of aromatic amino acids (Fig. 1, C and D) . S. cerevisiae Dzwf1 was genetically engineered to overexpress four genes to enhance carbon flux through the SA pathway (Fig. 1B) (22) . The pentafunctional protein Aro1, which catalyzes the reduction of 3-dehydroshikimic acid (DHS) to SA, is selective for NADPH, and a low availability of cytosolic NADPH directly affects the production of SA, leading to elevated accumulation of its precursor, DHS. In previous examples of biohybrid systems, light-harvesting semiconductor particles attached to the surface of bacteria were able to provide reducing equivalents to central metabolic processes (12) . We rationalized that the S. cerevisiae Dzwf1-InP hybrid system ( fig. S4 ) could operate similarly, with electrons flowing from the illuminated, surface-bound InP particles to the regeneration of NADPH from NADP + (nicotinamide adenine dinucleotide phosphate) inside the cell (Fig. 1 , C and D). This regenerated NADPH can fuel the ultimate conversion of DHS to SA (26) . Therefore, the S. cerevisiae Dzwf1-InP hybrids both enable us to evaluate the efficiency of NADPH regeneration and lead to the enhanced biosynthesis of a highly sought-after molecule through photon energy conversion.
We designed a series of control experiments in which the presence of light and InP nanoparticles was varied ( fig. S5 ). After 72 hours of aerobic growth, S. cerevisiae Dzwf1-InP hybrids under illumination (5.6 mW cm −2 ) ( fig. S6 ) achieved the highest DHS-to-SA conversion rate with a SA/DHS ratio of 23.5 ± 1.6 ( Fig. 2A and figs. S7 to S9). In contrast, a control experiment without illumination led to a ratio of only 0.67 ± 0.3 ( fig. S10 ). Similarly, a low SA/DHS ratio was observed in the presence of InP nanoparticles that were not assembled on the cell surface, suggesting the importance of proximity in enabling photochemical synthesis. This is in line with recent reports describing the ability of cell wall-bound components in yeasts to contribute to extracellular electron transport through electron "hopping" mechanisms (27) . In the absence of InP, S. cerevisiae Dzwf1 also showed a lower SA/DHS ratio, regardless of illumination scheme (figs. S11 and S12). The total SA production of the illuminated biohybrid system was superior to all other conditions, with a final titer of 48.5 ± 2.1 mg l −1
, showing an 11-fold increase compared with its counterpart with no illumination and a 24-fold increase compared with engineered cells in the presence of unattached InP nanoparticles (Fig. 2B) . DHS-to-SA conversion yield also increased, to a point, with higher light intensities but decreased under the highest light intensity, possibly as a result of metabolic saturation or photodamage to the cells (fig. S13) .
The SA/DHS ratio has previously been shown to serve as a metabolic readout for cytosolic levels of NADPH/NADP + (28) . The highest NADPH/ NADP + ratio calculated for the illuminated biohybrid experiment reaches a value of 87.1 ± 6.0 (Fig. 2C) . Notably, this value was higher than even that measured for InP-free and -integrated wild-type S. cerevisiae, which possesses the fully functional machinery to produce NADPH through the oxidative PPP ( fig. S14 ). S. cerevisiae Dzwf1 in darkness showed the lowest NADPH/NADP + ratios, regardless of the presence of InP. These results support the contention that irradiated, cell surface-assembled InP can drive the regeneration of cofactor NADPH, facilitating the conversion of DHS to SA. As determined from colony-forming unit (CFU) assays on nutrient-rich solid media, cell viability did not differ before and after the assembly of InP nanoparticles (Fig. 2D) , confirming the biocompatibility of the particle assembly protocol. During fermentation in selective minimal media, cell count decreased for the biohybrids, regardless of the illumination scheme (see supplementary materials for additional discussion).
To further evaluate the metabolic performance of the biohybrid systems, we characterized their ability to consume glucose and variations in carbon flux. Glucose was fully consumed by the bare cells during the first 24 hours, whereas nearly 25% of the total initial glucose remained unused in the complete biohybrid scheme (Fig. 3A) . The SA production kinetics in the S. cerevisiae Dzwf1-InP hybrids showed that the conversion of DHS to SA occurred throughout the entire illumination period (Fig. 3B) , suggesting a continuous supply of NADPH and potential accumulation of biosynthetic intermediates along the SA pathway that lags behind glucose consumption (29) . This finding was also supported by the consistently high mass fractions of SA (~90%). The specific SA yields of S. cerevisiae Dzwf1-InP hybrids surpassed those of the S. cerevisiae Dzwf1 and the wild-type bare cells cultured in darkness (Fig. 3C) . The light-to-SA conversion efficiency reached a maximum of 1.58 ± 0.05% 12 hours after the start of fermentation and dropped as SA production plateaued ( fig. S15) . To unravel the variations in the central carbon metabolism caused by the illumination of InP in the biohybrids, we measured the production of secreted by-products, including ethanol and glycerol, linked to other pathways (figs. S16 and S17). Figure 3D shows that the concentration of these by-products produced by the illuminated biohybrids (C L ) was lower than its counterpart under dark conditions (C D ). This implies that the surface-assembled, photoexcited InP shunts carbon in S. cerevisiae Dzwf1 toward the desired SA pathway, with less activity in alternative pathways for NADPH regeneration (e.g., pathways catalyzed by aldehyde dehydrogenase) (Fig. 3E) .
Though membrane-bound hydrogenases have been invoked to explain the ability of previously reported analogous bacterial systems to make use of photogenerated electrons (29) (30) (31) , S. cerevisiae is surrounded by a cell wall composed of extracellular polymeric substances that would prevent direct contact between membrane-bound proteins and the InP particles. The need for proximity between InP particles and the cells suggests that the cell wall might mediate electron transfer in our biohybrids (27) . Differential pulse voltammetry performed on the spent medium after fermentation (Fig. 3F and fig. S18 ) exhibited peaks more negative of the thermodynamic potential for NADP + /NADPH [E°= −0.324 V versus normal hydrogen electrode (NHE) at pH 7]. This higher redox activity after S. cerevisiae Dzwf1 growth suggests that soluble redox-active species likely also play a role in electron transfer, as has been reported for yeastbased microbial fuel cells without exogenous mediators (32) . The electron transfer mechanism in these S. cerevisiae Dzwf1-InP hybrids remains an active subject of investigation, as multiple possible mechanisms (e.g., soluble mediators and cell wall-bound redox mediators) could exist in our biohybrid system.
The development of inorganic-biological hybrid systems in yeast will enable expansion of this overall approach to the production of highervalue metabolites. For example, the production of benzylisoquinoline alkaloids, which is already established in yeast, requires the activity of more than 10 membrane-bound cytochrome P450 oxidoreductases that depend on NADPH as an electron donor (18) . The technology presented in this work may thus elevate the production efficiency of alkaloid natural products and other drugs and nutraceuticals, though practical implementation 2 of 4 Extracellular interface will require the development of illumination sources that interface with scaled-up fermenters. Our synthetic scheme is highly modular, enabling a mix-and-match approach; makes use of cheap components; and is compatible with existing workhorse cellular chassis and a wide range of particle-cell combinations. A more thorough understanding of electron transport mechanisms and global changes to metabolic flux will undoubtedly facilitate design and implementation of even better biohybrid systems. These systems would make use of alternative energy sources to streamline metabolic efficiency. With an evergrowing set of genetic tools, functional nanoparticles, and cell types, modular biohybrid platforms are likely to enable efficient and economical biochemical production of valuable and challenging targets. Guo NaPi, sodium phosphate; FTO, fluorine-doped tin oxide. Variation is represented by SE (error bars) from three independent replicates for all data points.
